To successfully complete their replication cycles, picornaviruses modify several host proteins to alter the cellular environment to favor virus production. One such target of viral proteinase cleavage is AU-rich binding factor 1 (AUF1), a cellular protein that binds to AU-rich elements, or AREs, in the 3= noncoding regions (NCRs) of mRNAs to affect the stability of the RNA. Previous studies found that, during poliovirus or human rhinovirus infection, AUF1 is cleaved by the viral proteinase 3CD and that AUF1 can interact with the long 5= NCR of these viruses in vitro. Here, we expand on these initial findings to demonstrate that all four isoforms of AUF1 bind directly to stem-loop IV of the poliovirus 5= NCR, an interaction that is inhibited through proteolytic cleavage of AUF1 by the viral proteinase 3CD. Endogenous AUF1 was observed to relocalize to the cytoplasm of infected cells in a viral protein 2A-driven manner and to partially colocalize with the viral protein 3CD. We identify a negative role for AUF1 in poliovirus infection, as AUF1 inhibited viral translation and, ultimately, overall viral titers. Our findings also demonstrate that AUF1 functions as an antiviral factor during infection by coxsackievirus or human rhinovirus, suggesting a common mechanism that targets these related picornaviruses.
T he replication cycle of cytoplasmic RNA viruses involves a complex interplay between cellular and viral factors to alter the cellular environment for the production of progeny virions. For picornaviruses, this involves the shutdown of many host cell functions, including cellular transcription and cap-dependent translation, as well as the disruption of innate immune signaling and nucleocytoplasmic transport. This overhaul of cellular processes is accomplished mainly through the cleavage of key host proteins by the virally encoded proteinases. For enteroviruses, including poliovirus, coxsackievirus, and human rhinovirus (HRV), these proteinases include 2A and 3C/3CD. For poliovirus, cleavage of nucleoporin proteins in the nuclear membrane by the 2A proteinase disrupts nucleocytoplasmic trafficking, causing redistribution of several cellular proteins such as SRp20, hnRNP C, and Sam68 (1-3; for a review, see reference 4). Polypeptide 3CD is the precursor to the virally encoded RNA-dependent RNA polymerase 3D pol and the proteinase 3C pro . The poliovirus 3CD lacks polymerase activity but is proteolytically active and responsible for cleavage of the viral polyprotein as well as its own autocatalytic cleavage. Picornavirus 3C/3CD proteinases also have several known cellular targets, cleavage of which either directly aids in the viral replication cycle or disrupts cellular processes to the advantage of the virus. For example, cleavage of cellular proteins poly(rC) binding protein 2 (PCBP2) and polypyrimidine tractbinding protein (PTB) may play a role in viral RNA template switching from translation to RNA replication (for a review, see reference 5). Additionally, cleavage of other factors, such as RIG-I, MDA-5, and NF-B, disrupts the cellular innate immune response (6-8; for a review, see reference 9).
We recently described another target of 3C/3CD cleavage, AUrich binding factor 1 (AUF1), a cellular protein that binds to AUrich elements, or AREs, in the 3= noncoding regions (3= NCRs) of mRNAs to affect the stability of the RNA (10) . Through its interaction with AREs in specific cellular mRNAs, AUF1 (also known as hnRNP D) can target the RNAs for degradation via ARE-mediated decay. AUF1 binds specific proto-oncogene and cytokine mRNAs containing AREs, leading to degradation of these mRNAs (for a review, see reference 11) . There are also a few examples of AUF1 acting to stabilize transcripts, for example, parathyroid hormone and estrogen receptor ␣ mRNAs (12, 13) . Cellular AUF1 exists in four isoforms, each resulting from alternative splicing of the same mRNA and named for its molecular mass, ranging from 37 to 45 kDa ( Fig. 1) (14) . All isoforms contain tandem RNA recognition motifs (RRMs), both of which are required for efficient RNA binding. The N terminus of all four isoforms of AUF1 contains a dimerization domain that is thought to contribute to oligomeric binding of AUF1 on ARE-containing RNAs (for a review, see reference 11) .
For enteroviruses in the family Picornaviridae, the 5= noncoding region (5= NCR) of genomic RNAs contains a binding site(s) for AUF1 (10) . These 5= NCRs harbor both a viral replication element at the 5= end (stem-loop I) and an internal ribosome entry site (IRES) encompassing stem-loops II to VI. Several other cellular proteins are known to bind to enterovirus 5= NCRs to regulate translation or replication of the viral RNA. Most known binding factors, including PTB, La autoantigen, SRp20, unr, and PCBP2, act as positive regulators of translation (1, (15) (16) (17) (18) (19) (20) (21) . PCBP2, a cellular RNA binding protein normally involved in cellular mRNA stability and translation regulation, binds to the poliovirus 5= NCR and plays a role in translation and RNA replication initiation. In addition, PCBP2 has been shown to enhance the stability of poliovirus mRNAs (22) . AUF1 was initially identified as another player in picornavirus replication via an RNA affinity screen for proteins interacting with the 5= NCR of poliovirus RNA. Subsequently, endogenous AUF1 was observed to relocalize to the cytoplasm of poliovirus-infected cells, where it colocalized with the viral nonstructural protein 2B but was excluded from viral protein 3A-containing cytoplasmic regions. Near the N terminus of all isoforms is an optimal recognition site for poliovirus 3C/ 3CD proteinase cleavage (see Fig. 1 ). Cleavage of AUF1 at this site was confirmed for poliovirus and human rhinovirus 3CD proteinases both during infection and in vitro using recombinant proteins (10) .
In the present report, we further define the interaction of AUF1 with the poliovirus 5= NCR and find that the cleavage of AUF1 by poliovirus proteinase 3CD inhibits this interaction. While AUF1 and 3CD partially colocalize by 4 h after poliovirus infection, relocalization occurs in a 2A-driven manner. Using both in vitro assays and cells genetically ablated for AUF1, we discovered an inhibitory role for AUF1 during poliovirus infection, as the absence of AUF1 increases viral translation and viral titer. Additionally, higher titers for the related enterovirus, coxsackievirus B3 (CVB3), as well as human rhinovirus 1a (HRV1a), are produced in cells lacking AUF1. Taken together, these results suggest that AUF1 acts as a restriction factor during enterovirus/rhinovirus infections and that viral proteolytic cleavage of AUF1 functions as a mechanism to evade such a host cell antiviral response.
MATERIALS AND METHODS
Cell culture and DNA constructs. MEF-AUF1 ϩ/ϩ and MEF-AUF1 Ϫ/Ϫ mouse embryonic fibroblast (MEF) cell lines were a generous gift from Robert Schneider (New York University School of Medicine) (23) . HeLa cells or MEF cells were grown as monolayers in Dulbecco's modified Eagle's medium (DMEM) supplemented with 8% newborn calf serum (NCS) or 10% fetal bovine serum (FBS), respectively. For MEF cells, plates were coated with 0.1% gelatin. Plasmids for purification of recombinant AUF1 isoforms were kindly provided by Robert Schneider. Expression plasmids for FLAG-tagged poliovirus 3CD and 2A proteinases are described elsewhere (24) .
Generation of 3CD polyclonal antiserum. Purification of 3CD(10) was performed as previously described (10) . Purified fractions were pooled and separated on a 12.5% polyacrylamide gel. Side strips of the gel were removed and stained using colloidal blue (Life Technologies). Strips were then aligned, and portions of the unstained gel containing 3CD protein were excised and cut into small slices. Gel slices were emulsified in a 2-ml microcentrifuge tube with a 1-ml syringe plunger. Protein was passively eluted overnight at 30°C in 1 ml of elution buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 mM EDTA). Samples were centrifuged at 7,500 RCF for 10 min, and supernatant was collected for antiserum generation. This purified protein was used to induce antiserum production in rabbits (Bethyl).
Immunofluorescence. Immunofluorescence of N-terminal FLAGtagged 2A or 3CD was performed as previously described (24) . Briefly, HeLa cells seeded on coverslips were transfected with FLAG-tagged 2A or 3CD and fixed with 3.7% formaldehyde at different times posttransfection. Cells were incubated with anti-FLAG mouse monoclonal (Agilent; 1:1,000) or anti-AUF1 rabbit polyclonal (Millipore; 1:100) antibodies, followed by Alexa Fluor 594 goat anti-rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes; 1:1,000). Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI). Proteins were visualized with a Zeiss LSM700 laser scanning confocal microscope, and images were processed with Zen software.
For visualization of colocalization of endogenous AUF1 and 3CD, HeLa cells were seeded onto coverslips and either mock infected or infected with poliovirus at a multiplicity of infection (MOI) of 20 at 37°C after adsorption for 30 min at room temperature. Samples were fixed in formaldehyde for 15 min at different times postinfection and permeabilized in 0.5% NP-40 -phosphate-buffered saline (PBS) for 5 min. Coverslips were washed three times in 1% NCS-PBS, blocked in 3% milk-1ϫ PBS, and incubated with anti-AUF1 for 1 h. Cells were washed, and then Alexa Fluor 594 goat anti-rabbit IgG was added for 1 h to label anti-AUF1 antibody. Samples were washed and blocked with normal donkey serum (500 g/ml) for 30 min followed by a second blocking step with unconjugated Fab fragments (Jackson ImmunoResearch) (7 g/ml). A second formaldehyde fixation was performed, followed by incubation with anti-3CD 488 (1:10) for 1 h. Anti-3CD antibody (generated as described above) was conjugated to Alexa Fluor 488 using an Apex antibody labeling kit (Molecular Probes) to generate anti-3CD 488 . Nuclei were labeled by DAPI staining, and coverslips were then mounted using mounting media (EMS), dried overnight, and imaged as described above. All steps were performed at room temperature unless otherwise indicated.
RNA affinity, electrophoretic mobility shift, and UV-cross-linking assays. Preparation of NP-40 lysates from mock-or poliovirus-infected HeLa cells at 4 h postinfection was performed as described previously (10) . For generation of RNA templates, pT7-5=NCR (25) was linearized with EcoRI (5= NCR) or DdeI (stem-loop I). pT220-460 was linearized with HindIII to generate a transcription template corresponding to stemloop IV (26) . RNA transcription was performed using a MEGAshortscript T7 transcription kit (Ambion) in the presence of biotinylated CTP. Purification of RNA was performed using RNeasy columns (Qiagen). RNA affinity assays were performed as previously described (10) . Briefly, precleared NP-40 cytoplasmic lysates from mock-or poliovirus-infected cells were incubated with biotinylated RNA-streptavidin resin for 2 h at 4°C in 50 mM KCl buffer (50 mM KCl, 5% glycerol, 1 mM dithiothreitol [DTT], 0.5 mM EDTA, 25 M E. coli tRNA). Following three washes in 100 mM KCl buffer, complexes were resuspended in Laemmli sample buffer (LSB) and subjected to SDS-PAGE and Western blot analysis using anti-AUF1 rabbit polyclonal antibody (Millipore) or anti-PCBP2 mouse monoclonal antibody (27) . When indicated, membranes were stripped using mild stripping buffer (25 mM glycine [pH 2.5], 1% SDS, 1% Tween 20). Membranes were washed twice in mild stripping buffer for 10 min each time at room temperature, washed four times with PBST (1ϫ PBS, 0.1% Tween 20), and blocked with 3% milk-PBST for 1 h at room temperature prior to reprobing.
Preparation of recombinant AUF1 and poliovirus 3CD was performed as described elsewhere (10, 28) ; purified recombinant AUF1 isoforms were dialyzed into AUF1 dialysis buffer (20 mM Tris-HCl [pH 7.5], 1 mM DTT, 5% glycerol). Electrophoretic mobility shift assays were performed as previously described, using [ 32 P]CTP (PerkinElmer) to label RNA FIG 1 Schematic of human AUF1 isoforms and poliovirus/human rhinovirus 3CD cleavage site. AUF1 exists in four isoforms (p37, p40, p42, and p45), each resulting from alternative splicing of the same pre-mRNA with the inclusion or omission of exon 2 or exon 7. All isoforms contain a dimerization domain in exon 1 and tandem RNA recognition motifs (RRM1 and RRM2) required for efficient RNA binding. At the N terminus of all isoforms is an ideal recognition site for poliovirus or human rhinovirus 3C/3CD proteinase cleavage at the Q-G position, with an alanine in the P4 position, as shown in the top line displaying amino acid residues 29 to 42. To render this site uncleavable, the P1 and P1= amino acids were mutatagenized to I and D, respectively, as previously described by Rozovics et al. (10) .
probes during transcription (29) . Recombinant purified AUF1 with or without recombinant purified 3CD was incubated in RNA-binding buffer (5 mM HEPES [pH 7.4], 2.5 mM MgCl 2 , 20 mM dithiothreitol, 3.8% glycerol, 1 mg/ml tRNA, 8 U of RNasin [Promega], 0.5 mg/ml bovine serum albumin) for 10 min at 30°C. Radiolabeled poliovirus stem-loop I or stem-loop IV RNA probe was then added to reach a final concentration of 5 nM for 10 min at 30°C. Glycerol was added to reach a 10% concentration, and complexes were resolved on a native 4% polyacrylamide gel at 4°C. Gels were dried for 2 h and imaged using a phosphorimager (Bio-Rad).
RNA probes for UV cross-linking assays were generated as described elsewhere (29) , except that the RNA probes were transcribed in the presence of [ 32 P]UTP (PerkinElmer). Conditions for UV cross-linking assays were the same as for the electrophoretic mobility shift assays except that after incubation at 30°C, samples were treated with 30 U of RNase T1 and 0.5 g of RNase A for 30 min at 37°C. Samples were then exposed to 254-nm UV light for 1 min using the Stratalinker (Stratagene). LSB was added, samples were boiled, and products were then analyzed by SDS-PAGE. Poliovirus lysates labeled with [ 35 S]methionine were used as molecular mass markers.
In vitro translation reactions. HeLa S10 cytoplasmic extracts were generated as described elsewhere (29) . HeLa S10 cytoplasmic extract (50% of final total volume) was incubated with DNA oligonucleotides, recombinant AUF1, or buffer alone in 80% of the final volume for 20 min at 30°C. DNA oligonucleotides (Operon) were reconstituted in RNase-free water. For addition of recombinant AUF1 isoforms, AUF1 dialysis buffer was used as the buffer-only control and for dilution of recombinant proteins. After a 20-min incubation, 250 ng poliovirus virion RNA, [ 35 were added and translation was allowed to proceed for 4 h at 30°C. Samples were boiled with LSB and subjected to electrophoresis on an SDScontaining 12.5% polyacrylamide gel. Proteins were visualized by phosphorimaging following fluorography.
Transfection of poliovirus RNA. Poliovirus virion RNA was generated as previously described (30) . Transcript RNA for transfection into mouse cells was generated using MEGAscript T7 kits (Ambion) and RNeasy columns (Qiagen), with EcoRI-digested pT7PV1 plasmid (31) as a template. Poliovirus RNA was incubated with TS buffer (137 mM NaCl, 4.4 mM KCl, 0.7 mM Na 2 HPO 4 , 0.5 mM MgCl 2 , 0.68 mM CaCl 2 , 25 mM Tris [pH 7.5]) and 1 mg/ml DEAE-dextran. MEF monolayers were washed twice with 1ϫ PBS, and then 125 l of transfection mixture per 10-cm 2 plate of cell monolayer was added to the cells in a dropwise manner. After 30 min incubation at room temperature, DMEM-10% FBS was added and cells were incubated at 37°C. Cells and supernatant were collected at indicated times after transfection and subjected to five freezethaw cycles, and plaque assays were performed on HeLa cells to determine the titer.
Virus stocks and infections. Virus stock of HRV1a was kindly provided by Yury Bochkov (University of Wisconsin-Madison). Virus was expanded by serial passage through HeLa cell monolayers at 34°C. Cells were infected at an MOI of 5 for 1 h at room temperature with HRV1a. Cells were overlaid with liquid media, incubated at 34°C, and harvested at the indicated times postinfection. Titers were determined by plaque assay on HeLa cells and are reported as PFU per cell.
For one-step growth analysis, MEF cell monolayers were washed twice in 1ϫ PBS and infected with CVB3 at an MOI of 100 for 45 min at room temperature. After adsorption, cells were washed twice in 1ϫ PBS, overlaid with DMEM-10% FBS, and incubated at 37°C. Cells were scraped and collected with supernatant and subjected to five freeze-thaw cycles, and virus yields were determined on HeLa cells by plaque assay.
RESULTS
AUF1 is relocalized to the cytoplasm in a poliovirus 2A-dependent manner. Although AUF1 is a shuttling protein, in uninfected cells it is predominantly nuclear. Previously published work determined that AUF1 relocalizes from the cytoplasm to the nucleus during poliovirus or human rhinovirus 16 (HRV16) infection (10, 32) . The proteinase activity of poliovirus 2A has been shown to inhibit transportin nuclear import pathways (2) . All four isoforms of AUF1 contain a transportin 1 binding site; therefore, the disruption of nuclear-cytoplasmic trafficking by poliovirus 2A during infection could contribute to the redistribution of AUF1. Alternatively, we have previously shown that the viral proteinase 3CD cleavage of AUF1 releases the N-terminal dimerization domain of all four AUF1 isoforms (10) . Hetero-oligomerization of AUF1 isoforms has been hypothesized to contribute to their localization (33) . 3CD cleavage of the dimerization domain likely inhibits AUF1 oligomerization and may, in turn, alter AUF1 localization. To confirm that AUF1 relocalization is the result of viral protein expression, we examined the localization of AUF1 after expression of either poliovirus proteinase 2A or 3CD ( Fig. 2 ). HeLa cells were transfected with constructs encoding N-terminal FLAG-tagged 3CD or FLAG-tagged 2A proteins, and cells were fixed at several time points after transfection. We then examined the expression of FLAG-tagged proteinases and localization of endogenous AUF1 by immunofluorescence. Comparing mocktransfected cells ( Fig. 2A) to cells expressing FLAG-2A (seen in green; Fig. 2C ), endogenous AUF1 (red) was partially relocalized to the cytoplasm by 12 h posttransfection. This relocalization of AUF1 was seen as soon as 6 h posttransfection (data not shown). In contrast, no relocalization of AUF1 was observed over 24 h posttransfection in cells expressing FLAG-3CD ( Fig. 2B ). Wildtype FLAG-3CD protein was expressed, thereby producing both FLAG-3CD proteinase and its FLAG-3C cleavage product by the autocatalytic activity of 3C. Additionally, FLAG-3CD, which is incapable of autocleavage into 3C and 3D due to a mutation at the 3C/3D junction but retains catalytic activity (24, 34) , was unable to effect relocalization of AUF1 in transfected cells (data not shown). To determine the requirement for proteinase activity in the redistribution of AUF1 by 2A, a previously described mutated 2A protein lacking proteinase activity (2A-L98P) was expressed, and localization of AUF1 was examined (24, 35, 36) . When proteinase activity is abolished, no relocalization of AUF1 is detected (Fig. 2D ). These results demonstrate that poliovirus 2A expression alone is sufficient to cause redistribution of AUF1 to the cytoplasm and that the proteinase activity of 2A is required for this activity.
AUF1 partially colocalizes with 3CD in the cytoplasm of poliovirus-infected cells. In poliovirus-infected cells, AUF1 displays a distinct localization pattern, redistributing to the cytoplasm in regions around the periphery of the nucleus where it partially colocalizes with viral protein 2B; however, by 4 h postinfection, AUF1 is excluded from cytoplasmic regions containing the viral protein 3A (10) . Protein 2B is proposed to have roles in the rearrangement of cellular membranes during infection, while protein 3A is thought to take part in anchoring the viral replication complex to cytoplasmic membrane structures. Viral protein 3CD acts in viral replication as well as in the shutdown of host cell processes (for a review, see reference 37). To determine if relocalized AUF1 is associated with poliovirus 3CD, we analyzed the localization of AUF1 and 3CD during poliovirus infection. As previously established, in mock-infected cells AUF1 displays a predominantly nuclear localization ( previously published results, demonstrating that AUF1 partially colocalizes with viral proteins 3CD and 2B in the cytoplasm but is distinctly absent from 3CD-, 2B-, and 3A-containing perinuclear regions (Fig. 3 , bottom panel, and reference 10).
AUF1 interacts directly with stem-loop IV of the poliovirus 5= NCR. The 5= NCR of poliovirus contains multiple secondary structures: (i) the IRES, important for viral translation via a capindependent mechanism, and (ii) a cloverleaf-like structure located at the most 5= end of the positive strand (called stem-loop I), important in RNA replication initiation. It was previously shown that AUF1 interacts with the 5= NCR of both poliovirus and HRV16 RNAs (10); however, the location of this interaction within the 5= NCR was not defined. To initially determine if AUF1 was binding to the 5= stem-loop I replication element or to the IRES, an RNA affinity assay was performed using RNA transcripts corresponding to poliovirus stem-loop I or stem-loop IV (Fig. 4A,  top panel) . In Fig. 4A , lanes 1 and 2 show input protein extracts from either mock-or poliovirus-infected cells; the faster migration of AUF1 isoforms in lane 2 confirms the cleavage of AUF1 in poliovirus-infected cells (10) . Using NP-40 lysates from mockinfected or poliovirus-infected HeLa cells, we confirmed the interaction of AUF1 with the 5= NCR and found that AUF1 can copurify with either stem-loop I or stem-loop IV in a manner independent of the cleavage state (lanes 5 to 10). There appears to be a slight increase in AUF1 bound to the 5= NCR in lysates from infected cells (e.g., compare lane 5 to lane 6 or lane 7 to lane 8); however, this could be a result of the accumulation of AUF1 in the cytoplasm following infection. Reactions were also examined for PCBP2 binding, as a positive control. As expected, PCBP2 bound to the full-length 5= NCR, as well as both stem-loop I and stemloop IV (Fig. 4A, bottom panel) . It should be noted that in several different experiments, the interaction of AUF1 with stem-loop I was variable, whereas AUF1 was consistently observed to interact with the full-length 5= NCR and stem-loop IV.
Since AUF1 is known to interact with PCBP2 in uninfected cells (38) , the interaction of AUF1 with stem-loop I or stem-loop IV could be indirect. To determine if AUF1 binds to the 5= NCR directly, we performed electrophoretic mobility shift assays with purified recombinant AUF1 and radiolabeled stem-loop I (data not shown) or stem-loop IV (Fig. 4B ). When recombinant AUF1 isoforms were incubated with stem-loop I, there was a low-level shift in signal of the radiolabeled probe; however, this shift was not dose dependent and may represent a weak, nonspecific interaction (data not shown). In contrast, recombinant AUF1 isoforms formed a shifted RNP complex with radiolabeled stem-loop IV in a dose-dependent manner (Fig. 4B, lanes 2 to 4, 6 to 8, and 14 to 16). Three of the four isoforms of AUF1 bound stem-loop IV directly by a electrophoretic mobility shift assay; however, isoform AUF1p42 displayed markedly decreased binding activity (lanes 10 to 12). These data confirm that AUF1 can interact directly with stem-loop IV of the poliovirus 5= NCR in vitro.
To investigate whether the decreased binding of AUF1 isoform p42 to poliovirus stem-loop IV was an authentic observation or a result of experimental conditions of the electrophoretic mobility shift assay, we performed UV cross-linking assays with recombinant AUF1 isoforms and radiolabeled stem-loop IV (Fig. 4C ). All four isoforms of AUF1 bound to stem-loop IV in a dose-dependent manner, with isoform p42 displaying a weaker interaction (lanes 3 to 8 and 12 to 14 compared to lanes 9 to 11). It is known that the AUF1 isoforms display different affinities for RNA se- quences (14) . While the weak interaction of isoform p42 and p42 mut with stem-loop IV might be attributable to different efficiencies of expression and purification of recombinant AUF1 isoforms leading to differences in the specific activity of recombinant protein preparations, we suggest that it represents an authentic difference in affinity for stem-loop IV RNA. In experiments not shown here, each of our purified AUF1 isoforms, including isoform p42, bound a radiolabeled probe containing both the poliovirus 3= NCR and a poly(A) tract in a dose-dependent manner, confirming the binding activity of recombinant p42. These data suggest that while all four isoforms can interact with poliovirus stem-loop IV, they may display different affinities for the RNA. Cleavage of AUF1 by 3CD reduces binding to stem-loop IV. Cleavage of AUF1 by 3CD releases the most N-terminal 35 amino acids, which are required for dimerization of AUF1 (10, 14) . Since AUF1 has been shown to oligomerize on RNA (39-41), we next investigated the effects of cleavage of AUF1 on its affinity for poliovirus stem-loop IV RNA (Fig. 5A) . A fixed concentration of recombinant AUF1 was incubated with increasing concentrations of poliovirus 3CD. For each isoform of AUF1, preincubation with proteolytically active 3CD appeared to result in a reduction of RNP complex formation (compare lanes 2, 8, 14 , and 20 to lanes 5, 11, 17, and 23). To confirm that the proteolytic activity of 3CD was responsible for the reduction in levels of bound complexes, AUF1 isoforms were incubated with the highest concentration of 3CD harboring an active site mutation [3CD(C147A)] (lanes 6, 12, 18, and 24). Proteolytically inactive 3CD was not effective in decreasing the levels of AUF1-RNA complexes, indicating that the proteolytic activity of 3CD is required to inhibit AUF1 binding to the viral RNA. To further determine if the cleavage of AUF1 prevents (74, 75) . Recombinant AUF1 was incubated with increasing concentrations of 3CD ranging from 250 nM to 500 nM and 750 nM (lanes 3 to 5, 9 to 11, 15 to 17, and 21 to 23). The concentration of 3CD(C147A) was fixed at 1,000 nM (lanes 6, 12, 18, and 24). After incubation with radiolabeled stem-loop IV, RNP complexes were resolved on a native 4% polyacrylamide gel. The levels of shifted RNP complexes were quantified using Quantity One (Bio-Rad). Levels of shifted RNP complexes when incubated in the absence of 3CD (lanes 2, 8, 14, and 20) were set at 100%. When AUF1 was preincubated with the highest concentration of proteolytically active 3CD, the proportions of shifted probe compared to AUF1 incubated without 3CD were 45%, 32%, and 72% for p37, p40, and p45, respectively. The proportions of shifted stem-loop IV were 84%, 83%, and 100% for p37, p40, and p45, respectively, when incubated with 3CD(C147A). These numbers are representative of three separate sets of experiments. (B) RNA electrophoretic mobility shift assays were performed as described for panel A with a mutated version of AUF1. Recombinant AUF1 isoforms were mutated at the P1-P1= positions, rendering them uncleavable by 3CD (refer to Fig. 1 ), denoted by a superscript "mut." Mutated recombinant AUF1 protein was incubated alone (lanes 2, 7, 12, and 17), with 3CD at 500 nM and 1,000 nM (lanes 3 and 4, 8 and 9, 13 and 14, and 18 and 19), or with 3CD(C147A) at 1,000 nM (lanes 5, 10, 15, and 20) . The proportions of the shifted complex were calculated as described for panel A and were 117%, 97%, and 144% for p37 mut , p40 mut , and p45 mut , respectively, incubated with the highest concentration of proteolytically active 3CD and 85%, 85%, and 90% for p37 mut , p40 mut , and p45 mut , respectively, incubated with 3CD(C147A). An asterisk indicates twice as much recombinant AUF1 (p42 or p42 mut ) was used to visualize binding (1,000 nM). its interaction with poliovirus stem-loop IV in the presence of 3CD, we performed the same experiment using recombinant AUF1 proteins with a mutation in the 3CD cleavage site (see Fig.  1 ). Data showing that mutation of the Q-G amino acids at the N-terminal cleavage site to I-D abolishes poliovirus or human rhinovirus 3CD cleavage of AUF1 have been previously published (10) . As seen in Fig. 5B , incubation of uncleavable AUF1 isoforms with proteolytically active 3CD did not markedly decrease RNP complex formation (lanes 4, 9, and 19) . These results demonstrate that 3CD cleavage may destabilize the interaction between AUF1 and stem-loop IV RNA in vitro. As discussed above and as seen in Fig. 4B and C, AUF1 isoforms p42 or p42 mut do not form a reproducibly stable complex with stem-loop IV (Fig. 5A, lanes 14 to 18;  Fig. 5B, lanes 12 to 15) .
Poliovirus translation is inhibited by AUF1 in vitro. To determine the effect of the interaction between AUF1 and stem-loop IV, an important RNA element of the IRES, we first examined the potential role of AUF1 in poliovirus translation. Based on the highaffinity interaction of AUF1 with telomeric sequences, DNA oligom-ers corresponding to G-rich telomeric sequences [(TTAGG) 4 ] have previously been used to sequester AUF1 in cytoplasmic extracts (42) . For the experiment whose results are shown in Fig. 6A , cytoplasmic extracts from HeLa cells were preincubated with increasing concentrations of (TTAGG) 4 oligodeoxynucleotides to sequester AUF1 prior to in vitro translation. Poliovirus virion RNA was then added with [ 35 S]methionine to label proteins, and translation was allowed to proceed for 4 h. The addition of telomeric DNA oligomers enhanced poliovirus translation in a dosedependent manner (Fig. 6A, lanes 1 and 3 compared to lane 7) . Over five experimental samples, levels of stimulation ranged from 10% above the level seen with the buffer-only control for the lowest concentration of oligomers added (for example, see Fig. 6A , lane 1 compared to lane 3) to 4-fold stimulation for the highest concentrations (for example, see lane 7 of Fig. 6A ). Electrophoretic mobility shift assays with recombinant AUF1 and radiolabeled stem-loop IV were performed with increasing amounts of oligomers to confirm binding activity. Unlabeled (TTAGG) 4 DNA oligomers were able to successfully decrease stem-loop IV- 7) of a single-stranded DNA (ssDNA) oligonucleotide (oligo) known to bind strongly to AUF1 (42) . After addition of virion RNA, translation was allowed to proceed for 4 h at 30°C. Translation products were labeled with [ 35 S]methionine. In lane 1, translation was allowed to proceed with buffer alone. In lane 2, virion RNA was omitted as a control. Some viral proteins are indicated on the left for reference. (B) HeLa S10 cytoplasmic extracts were incubated with exogenous recombinant AUF1 isoforms in concentrations of 250 nM, 500 nM, and 1,000 nM (lanes 3 to 14) prior to addition of virion RNA. Reaction mixtures were then incubated at 30°C for an additional 4 h, and proteins were labeled with [ 35 S]methionine. (C) Quantity One (Bio-Rad) was used to quantify band intensity of in vitro translation reactions carried out as described for panel B. Levels of VP3 were compared for all reactions as a percentage of the buffer-only control reaction (for an example, see panel B, lane 1) and are displayed as a bar graph, with darker shades reflecting increasing concentrations of exogenous AUF1 or BSA added. Error bars represent standard deviations of the results from three or more experiments. AUF1 complex formation but had no effect on stem-loop IV-PCBP2 complex formation (data not shown).
To confirm the negative effect of AUF1 on poliovirus translation, we performed the converse assay, wherein HeLa cell cytoplasmic extracts were preincubated with exogenous recombinant AUF1 isoforms in increasing concentrations ( Fig. 6B and C) . Addition of each isoform of AUF1 to in vitro reactions inhibited poliovirus translation in a dose-dependent manner (Fig. 6B [compare lane 1 to lanes 5, 8, 11, and 14] ; quantified in Fig. 6C ). As a control for any nonspecific effects of adding exogenous protein, bovine serum albumin (BSA) was preincubated with HeLa cytoplasmic extracts prior to viral translation. At the highest concentrations, BSA caused a less than 10% decrease in poliovirus translation compared to an over 50% decrease in parallel experiments when the highest concentrations of AUF1 isoforms were added (Fig. 6C) . Additionally, when vRNA was incubated with recombinant isoforms of AUF1 alone and resolved on an agarose gel, no differences in vRNA levels were observed, confirming the absence of RNase contamination in recombinant AUF1 preparations (data not shown). These results suggest that AUF1 negatively regulates poliovirus replication at the level of translation.
AUF1 negatively impacts the enterovirus infectious cycle. To determine the role of AUF1 in the context of the infected cell, we took advantage of the availability of mouse embryonic cultured fibroblasts lacking AUF1 (MEF-AUF1 Ϫ/Ϫ ), as well as the parental wild-type MEF cells (23) . Although mice are not naturally infected by poliovirus, transgenic mice expressing the human poliovirus receptor are used as an animal model for poliovirus infection (43, 44) . Transcript RNA corresponding to the full-length poliovirus genome was transfected into wild-type (MEF-AUF1 ϩ/ϩ ) or MEF-AUF1 Ϫ/Ϫ cell monolayers (Fig. 7A) . At 8 h posttransfection, cells and supernatants were collected and titers were determined by plaque assay. In cells lacking AUF1, virus titers were increased by between 1 and 2 log 10 units, confirming a negative role for AUF1 in the virus life cycle. A one-step growth analysis was performed in MEF-AUF1 ϩ/ϩ or MEF-AUF1 Ϫ/Ϫ cells to examine the kinetics of poliovirus replication in the absence of AUF1 (Fig. 7B ). Virion RNA isolated from purified poliovirus particles was used to transfect MEF cells; virus was harvested every 2 h from 0 to 8 h posttransfection. Although viral titers were too low to be detected early after transfection, a difference in titers of wild-type versus MEF-AUF1 Ϫ/Ϫ cells was observed from 4 to 8 h posttransfection. This indicates that the effect of AUF1 on poliovirus growth either occurs early in infection or has a consistent impact throughout the poliovirus replication cycle.
Given that transfection of viral RNA is a process that is inherently different from infection via cellular receptor binding, we wanted to confirm that the increased titer seen in poliovirustransfected MEF-AUF1 Ϫ/Ϫ cells was not a result of bypassing the virus-receptor interaction. To accomplish this, we expanded our studies to include enteroviruses that can infect mouse cells: coxsackievirus and human rhinovirus. MEF-AUF1 ϩ/ϩ or MEF-AUF1 Ϫ/Ϫ cells were infected with CVB3 at a high multiplicity of infection to generate a single-cycle growth analysis. As shown in Fig. 8A , a greater than 1 log 10 increase in virus production was detected in cells lacking AUF1 at as early as 8 h postinfection. Cleavage of AUF1 in CVB3-infected cells was confirmed by Western blotting of NP-40 lysates (data not shown). Cleavage products were apparent by 7 h postinfection, indicating a common response to AUF1 across enterovirus species (data not shown). Relocalization of AUF1 in CVB3-infected HeLa cells and MEF-AUF1 ϩ/ϩ cells was confirmed by immunofluorescence (data not shown). AUF1 was effectively relocalized, although to a lesser extent than in poliovirus-infected cells. This slower cleavage and relocalization of AUF1 is not surprising, given the slightly delayed kinetics of coxsackievirus infection and the published differences in relocalization seen with host protein SRp20 (24) .
We have previously shown that AUF1 is cleaved in HRV14-or HRV16-infected HeLa cells (10) . In addition, AUF1 relocalizes to the cytoplasm in HRV16-infected cells (32) . To perform rhinovirus infections of mouse cells, we used HRV1a, a minor group human rhinovirus (45) . Major group HRV14 and HRV16 bind to intercellular adhesion molecule-1 (ICAM-1), a receptor that is lacking on mouse cells, during cell entry (46) . In contrast, minor group human rhinoviruses, including HRV1a, utilize the lowdensity lipoprotein receptor (LDL-R), which is present on both mouse and human cells (47, 48) . Based on published data from single-cycle growth analysis in mouse cells (49) , MEF or HeLa cells were infected with HRV1a for 20 h, after which cells were harvested and titers were determined by plaque assay (Fig. 8B) . As observed for poliovirus or CVB3, HRV1a displayed a marked increase in viral titer in MEF-AUF1 Ϫ/Ϫ cells. Interestingly, this allowed HRV1a to reach titers near the level observed during infection of HeLa cells. Taken together, these experiments reveal that AUF1 acts broadly as a negative regulator of enterovirus/rhinovirus infections.
DISCUSSION
Work described in this article expands on the previous findings identifying AUF1 as a target of viral proteinase cleavage and defines AUF1 as a negative regulator of enterovirus/rhinovirus infection. The relocalization of AUF1 occurs in a viral protein 2Adependent manner. After this relocalization, AUF1 is found to partially colocalize with 3CD (or precursors or cleavage products thereof) in the periphery of the cytoplasm while being excluded from a perinuclear region containing viral proteins 2B, 3A, and 3CD (this article and reference 10). Given the canonical role of AUF1 in cellular mRNA destabilization, we predict that this cytoplasmic region of exclusion is where viral RNA replication and encapsidation take place. mRNA decay proteins such as AUF1 would be excluded from replication complexes, presumably to protect the RNA from degradation. Relocalization of AUF1 during picornavirus infection may be an indirect consequence of the 2A-driven disruption of the transportin pathway (for a review, see reference 4), as all isoforms of AUF1 contain a nucleocytoplasmic shuttling signal in exon 8 that interacts with the nuclear import receptor transportin (2, 50) . Similar localization patterns were recently published for the cellular enzyme 5=-tyrosyl-DNA phosphodiesterase-2 (TDP2), whose proposed role in infection is the removal of the genome-linked protein (VPg) from viral mRNAs to distinguish between replication and translation templates (51) . Like AUF1, this protein may be excluded from replication complexes to protect nascent RNA. This suggests a common mechanism to protect viral RNA from cellular proteins via cytoplasmic relocalization.
In agreement with a proposed role for AUF1 as an antiviral factor, we found that sequestering AUF1 in vitro enhanced viral translation, while exogenous AUF1 added to in vitro translation reactions had the opposite effect. In MEF cells lacking AUF1, poliovirus, CVB3, or HRV1a reached higher titers, confirming a negative role for AUF1 in enterovirus/rhinovirus infection. Additionally, we demonstrated that the cleavage of AUF1 by 3CD destabilizes its interaction with poliovirus stem-loop IV RNA, suggesting that 3CD cleavage may act as a viral defense against AUF1. While we have determined that AUF1 has an overall inhibitory effect on enterovirus/rhinovirus infection, the precise mechanism of this negative regulation is unknown. Defining the mechanism of AUF1 regulation of enterovirus/rhinovirus infection may be challenging due to the multiple, and contradictory, known roles of AUF1. Depending on the cellular or viral RNA, AUF1 can act to increase or decrease stability (e.g., parathyroid hormone or granulocyte macrophage colony-stimulating factor [GM-CSF], respectively), alter translation levels (e.g., c-myc), or regulate transcription (e.g., CD-21 and Epstein-Barr virus latency C promoter) (12, (52) (53) (54) (55) . As a consequence, AUF1 affects RNAs involved in multiple cellular functions, including the immune response (e.g., tumor necrosis factor alpha [TNF-␣]), apoptosis (e.g., Bcl2), cell cycle regulation (e.g., cyclin D1), and differentiation (e.g., c-fos) (56-59; for a review, see reference 11). Notably, AUF1 interacts with multiple players reported to participate in the poliovirus replication cycle, including PCBP2, nucleolin, and PABP (38, 60, 61) . The interaction of AUF1 with these proteins during viral infection could decrease their availability for use in viral translation and RNA replication. As such, the cleavage and cellular sequestration of AUF1 may act to disrupt protein-protein interactions and release its cellular binding partners, such as PCBP2 and PABP, allowing them to be used in the viral life cycle.
Another potential mechanism for negative regulation of viral infection by AUF1 is that the binding of AUF1 to the 5= NCR of enterovirus RNA may work directly to recruit mRNA decay factors, thereby contributing to the degradation of the viral RNA. AUF1 is an ARE-binding protein (AUBP) involved in the recruitment of deadenylases for ARE-mediated decay (AMD). After AUBP-dependent recruitment of AMD proteins, mRNAs undergo deadenylation followed by recruitment of exo-or endonucleases and degradation of the RNA (for a review, see reference 11). The disruption of the AUF1-stem-loop IV interaction by 3CD cleavage could act as a viral defense against host mRNA decay machinery. Evasion and modification of mRNA decay machinery during virus infections are not exclusive to AUF1 (for a review, see reference 62). For example, the 5= exonuclease Xrn1, the decapping enzyme Dcp1a, and the deadenylase complex component Pan3 were found to be degraded in poliovirus-infected cells; the functional consequences of this degradation are unknown, but they may aid in the disruption of processing bodies (complexes of stalled mRNAs) seen during poliovirus infection (63) . Enterovirus 71 (EV71) has been shown to induce cleavage of a DNA binding protein, far upstream element-binding protein 2 (FBP2), which, like AUF1, has roles in cellular translation and RNA stability (64) . AUF1 may also have an indirect effect on enterovirus replication by altering specific cellular mRNA levels. AUF1 is linked to the stability of many mRNAs involved in the innate immune response, including c-myc, interleukin-6 (IL-6), and TNF-␣ (56, 65, 66) . Could AUF1-mediated alterations in cytokine mRNA levels alter enterovirus replication? Generally, AUF1 has been found to have a destabilizing effect on specific mRNAs. These mRNA targets include members of both the proinflammatory (e.g., IL-6) and anti-inflammatory (e.g., IL-10) cytokines (65, 67, 68) . Previous studies noted a correlation in the timing of AUF1 relocalization and a reduction in the levels of chemokine CXCL10 (gamma interferon [IFN-␥]-inducible protein 10 [IP-10]) during HRV16 infection (32) . Alternatively, depending on the cell type, AUF1 can act as a stabilizing factor for TNF-␣ mRNA (56) ; this stabilization could potentially play a role in virus-induced apoptosis. Based on the cascade of cytokine signals, deregulation of AUF1 could have either a positive or negative effect on the cellular immune response. AUF1-mediated alteration of mRNA levels linked to the immune response could thus alter the kinetics of enteroviral infection. Additionally, at peak times of poliovirus infection, AUF1 exists in both cleaved and uncleaved forms. Preferential cleavage of AUF1 interacting with the viral genome or viral proteins could allow for differences in the cleavage state of local concentrations of AUF1. This could prevent AUF1 from binding to the viral RNA in complexes associated with viral RNA synthesis while leaving uncleaved AUF1 in the periphery of the cytoplasm to destabilize cytokine or other cellular mRNAs. A similar phenomenon has been reported for the poliovirus proteinase 2A, which preferentially cleaves eIF4G, which is associated with eIF4E (and presumably actively translating ribosomes), to disrupt cap-dependent cellular translation (69) . It is unlikely that cytoplasmic lysates used for in vitro translation experiments retain signaling pathways necessary to elicit cytokine production. For this reason, we predict that AUF1-driven alterations of cellular mRNA stability are not the sole cause of its negative role in poliovirus translation, as our in vitro experiments recapitulated the negative effects of AUF1.
A role for AUF1 in viral infection is not without precedent, as a recent paper confirmed our original findings for poliovirus (this article and reference 10) with coxsackievirus B3 (70). Wong and colleagues reported that AUF1 is relocalized and cleaved at the N terminus during CVB3 infection and can interact with the 3= NCR of coxsackievirus RNA (70) . It is not clear whether the 3= NCR construct used by this group contained a poly(A) tract; however, it is known that AUF1 can interact with poly(A) RNA (71) . The functional consequence of AUF1 binding to both ends of the viral RNA is unknown, but such binding may act to further stabilize these RNP complexes, thereby increasing the negative effects of AUF1 on the viral replication cycle. It was also reported that transient knockdown of AUF1 leads to an increase in accumulation of cellular mRNAs that contain an IRES (e.g., c-myc) during CVB3 infection, possibly leading to an increase in cytokine levels (70) . Whether an increase in c-myc mRNA levels affects CVB3 titers or the increase in mRNAs correlated to c-myc protein levels was not addressed. Further investigation on the impact, if any, of c-myc on virus infection is necessary to assess the relevance of this observation. In contrast to its negative role in poliovirus translation, AUF1 has been shown to be required for translation of another positive-strand RNA virus, hepatitis C virus (HCV). Interestingly, AUF1 has a positive role in the translation of HCV but a negative role in overall viral RNA accumulation (42) . Similarly, during HIV infection, AUF1 is postulated to play a role in HIV Gag and Env synthesis either through affecting RNA stability or by export or alteration of the RNP complex involved in export (72) . In addition to roles in RNA virus infection, AUF1 has been shown to bind to the Epstein-Barr virus F promoter, the latency C promoter, and the EBER1 noncoding RNAs (52, 61, 73) . These findings, along with work described in this paper, further highlight the diverse and context-dependent functions of AUF1.
Overall, we found that AUF1 negatively regulates replication of three related picornaviruses in mammalian cells. These viruses appear to have overcome this inhibitory effect, in part, by promoting the relocalization of AUF1 in infected cells and by proteolytic cleavage of AUF1. These results provide new insights into the potential roles of picornavirus proteinase cleavage of cellular proteins that act as restriction factors to viral infections. They also highlight the intricate interplay between cellular and viral functions that ultimately determines the outcome of a viral infection. Further studies of the mechanism by which AUF1 acts as a negative regulator are necessary to understand this complicated virushost interaction.
